Introduction {#Sec1}
============

The observed recent loss of Arctic sea ice is probably the clearest indicator of the ongoing rapid changes in the climate state of our planet. Over the past few decades, the sea-ice-covered area of the Arctic Ocean has been reduced by about half during summer \[[@CR1]\], and the ice thickness has also been reduced by about half \[[@CR2]\]. In combination, this suggests that today's volume of the Arctic summer sea-ice cover is only roughly a quarter of what it used to be just a few decades ago. In this review, we summarize our current understanding of how the remaining Arctic sea ice will evolve in the future.

We start with a brief overview of the main sources of information that have been used to estimate the future evolution of the Arctic sea-ice cover, focusing in particular on the strengths and weaknesses of the underlying models and observations. Based on this assessment, we afterwards provide a unified understanding of the response of the sea-ice cover to changes in external forcing, internal variability, and self amplification. This unified understanding is obtained by combining observation-based studies with model-based studies, allowing us to fully profit from the individual strengths of these two sources of information. In particular, we will demonstrate how quantitative estimates of the future evolution of the Arctic sea-ice cover can most robustly be obtained by combining observed quantitative information with robust underlying relationships obtained from model simulations.

Sources of Information {#Sec2}
======================

As in most other scientific disciplines, we have two major sources of information to examine the loss of Arctic sea ice in the real world: observational estimates and models. As both these sources of information have certain limitations, the most robust insights into the ongoing and future evolution of Arctic sea ice are obtained from combining observations and models, ideally minimizing the impact of the limitations of either \[[@CR3]\].

Observations {#Sec3}
------------

Observational records of Arctic sea ice are the best possible estimate of the real evolution of the sea-ice cover. However, all existing observational records of Arctic sea ice have three distinct limitations, which imply that these observational records alone do not allow one to fully understand the drivers of the current ice changes or to fully characterize the future evolution of the sea-ice cover.

The first limitation is related to internal variability: Because the climate system is chaotic, any given set of external boundary conditions allows for an infinite number of possible climate trajectories. However, only one of these trajectories is actually realized and can be observed. This implies that observations can never capture the richness of possible trajectories that the climate system could have taken in recent decades. Hence, in the same way in which a single observation of the throwing of a dice only allows for a very limited understanding of the range of possible outcomes, a record of a climate observable often only allows for limited insights into the relative impact of external forcing or internal variability on the time evolution of that observable. In particular, all reliable observational records of sea ice only capture the behaviour of Arctic sea ice during a period of a rapidly changing background climate. Because of these rapid changes, even a 30-year long record is not long enough to provide a meaningful "average climate condition" that would sufficiently minimize the impact of internal variability \[[@CR4], [@CR5]\]. Their relatively short duration is hence a major drawback of all reliable records of sea-ice evolution.

The second limitation derives from observational uncertainty. In particular, all satellite records are based on indirect methods to obtain the underlying sea-ice property that one is ultimately interested in. Therefore, all major observational products are only an approximation of the true state of the sea-ice cover at any given time \[[@CR6], [@CR7]\].

The third limitation derives from the fact that we can only observe a very limited subset of climate variables that matter for the evolution of sea ice. For example, we have only limited observations of the major atmospheric heat fluxes that determine the surface energy balance of the ice cover, and no Arctic-wide observations of the oceanic heat flux underneath the ice.

If one keeps these limitations in mind, observational records can give us information about the sea-ice cover that offer a wealth of valuable insights into the past and also into the future evolution of Arctic sea ice. Indeed, we would argue that the most robust quantitative estimates of the future evolution of the ice cover are based on linear relationships between temperature or cumulative CO~2~ emissions and sea-ice coverage identified in models and observations, where the slope of the linear relationship is taken directly from the observational record.

The studies that we summarize here are primarily based on the 40-year long record of gridded Arctic sea-ice concentration as obtained from passive-microwave satellite observations. This record started in the late 1970s, and is based on a series of successive multi-frequency passive microwave sensors that allow scientists to observe the polar regions year-round regardless of polar night or cloud cover \[[@CR8], [@CR9]\]. The stark differences in emissivity between open water and ice allow for a binary classification of ice vs. no ice present. In reality, due to the coarse resolution, satellite pixels often contain a mixture of ice, open water, leads, etc., allowing for characterization of the fractional area of sea ice per satellite pixel. This is typically done through setting tie-points for open water and ice, and interpolating between these extremes to determine the sea-ice concentration. While current algorithms to convert the satellite observation to sea-ice cover are relatively robust during winter, once melt begins the sensitivity of the microwave emissivity to liquid water at the sea-ice surface can result in large underestimation of the true sea ice fraction within a satellite pixel \[[@CR7]\]. Further, near the ice edge and within coastal regions, the large satellite footprint can result in false ice concentrations or underestimation of the actual ice edge location \[[@CR10]\].

The studies that we discuss here primarily use the sea-ice area or the sea-ice extent derived from such satellite-retrievals of gridded sea-ice concentration. Arctic sea-ice area is usually calculated by multiplying sea-ice concentration with grid-cell area and adding up over all Northern-hemispheric grid cells. Arctic sea-ice extent is usually calculated by adding up the grid-cell area of all grid cells with at least 15% sea-ice coverage. In the following, we will use the term "sea-ice coverage" for any statement that is true for both sea-ice area and for sea-ice extent.

Models {#Sec4}
------

Any climate model has limitations that must be kept in mind when employing it to understand the evolution of the sea-ice cover in the real world.

First, climate models cannot capture all processes that govern the evolution of our climate system, and hence usually represent the real evolution of an observable less realistically than a given observational record. This is particularly true for sea ice, where climate-model simulations have been found to have substantial biases compared to the observed evolution of the ice cover. Among others, the models usually have a too low sensitivity of the simulated ice loss to simulated warming \[[@CR3], [@CR11]--[@CR13]\] and to simulated CO~2~ emissions \[[@CR14]\], they often have a too low or too high mean sea-ice area \[[@CR15]\], they often have an erroneous distribution of ice thickness \[[@CR16], [@CR17]\], and they can have substantial biases in the albedo evolution throughout summer \[[@CR18], [@CR19]\]. These biases must be kept in mind when assessing the robustness of model-based studies on the future trajectory of Arctic sea ice.

Second, the relationship of a model to the real world is often very difficult to estimate \[[@CR5]\], which makes it difficult to infer robust quantitative statements from model simulations. In particular, internal variability renders a perfect agreement of a model simulation with reality impossible, such that a disagreement between a model simulation and the real world does not allow one to directly obtain insights on the quality of a particular model simulation \[[@CR5], [@CR20]\]. Any model evaluation must hence take internal variability into account \[[@CR15]\]. On the other hand, an agreement of a specific model simulation with some observed record does not necessarily indicate a reasonable description of the underlying processes in the numerical code of the model, but might instead just indicate a reasonable tuning of the model to match the observational record \[[@CR5], [@CR21]\] or be caused by compensating errors. For example, \[[@CR22]\] suggest that models participating in the fifth phase of the Coupled Model Intercomparison Project (CMIP5 \[[@CR23]\]) better reproduce the observed loss of Arctic sea ice compared to the models participating in CMIP3, because in CMIP5, the prescribed external forcing from volcanic eruptions is too strong. Furthermore, agreement of a model with the past evolution of an observable is not necessarily an indication for reliable projections of the future evolution of that observable \[[@CR3], [@CR5]\].

On the plus side, however, models overcome many of the mentioned limitations of observational records: models can be run several times and over long periods to capture the range of possible internal variability, they provide full three-dimensional fields of all major climate variables at nearly any desired temporal resolution, and they are internally consistent. In addition, they reflect possible future changes in the physical processes that drive the evolution of the sea-ice cover. Such future changes can obviously not be observed, which is why model simulations contribute important insights into the future evolution of the ice cover that can not be inferred from the observational record.

Most recent studies that employ climate-model simulations to explore the ongoing and future evolution of Arctic sea ice are based on the coordinated set of simulations from about 40 different climate models that participated in CMIP5. In addition, some recent studies are based on large ensembles of simulations with individual models. Such single-model large ensembles have been used for sea-ice-related studies for the Community Earth System Model (CESM \[[@CR24]\]), the Canadian Earth System Model (Can-ESM \[[@CR25]\]), and the Max Planck Institute Earth System Model (MPI-ESM). These large ensembles allow for robust insights into the impact of internal variability in individual models.

The Impact of External Forcing {#Sec5}
==============================

Changes in the external forcing of the sea-ice cover have been established as the major driver of the observed loss of Arctic sea ice in the vast majority of related recent studies \[[@CR14], [@CR22], [@CR26], [@CR27]\]. Internal variability, that we consider in more detail in the next section, has been found to have amplified the externally forced sea-ice loss, but the magnitude of the amplification is not clear yet \[[@CR20], [@CR28], [@CR29]\].

Past Evolution of the Sea-Ice Cover {#Sec6}
-----------------------------------

The major role of changes in the external forcing for the past evolution of Arctic sea ice has been identified both in the observational record and in model simulations. In particular, both in models and in observations the Arctic sea-ice coverage (i.e., sea-ice area or sea-ice extent) during summer is linearly related to the rise in global-mean temperature \[[@CR3], [@CR11], [@CR12], [@CR22], [@CR30]--[@CR32]\]. \[[@CR14]\] suggest a simple conceptual model to explain the linearity, establishing an underlying causal relationship between temperature rise and Arctic sea-ice loss. Linear correlations have also been established between the evolution of Arctic summer sea ice and atmospheric CO~2~ concentration \[[@CR26], [@CR33]\] and cumulative anthropogenic CO~2~ emissions \[[@CR14], [@CR34], [@CR35]\]. These individual correlations are directly related to each other, because anthropogenic emissions of CO~2~ are also the main driver of the observed warming of the atmosphere \[[@CR27]\], and the relationship between temperature rise and CO~2~ emissions has been largely linear in the past.

The linear relationships between the external drivers and Arctic sea-ice coverage do not only hold during summer, but have been shown to hold for all months, both for temperature \[[@CR36]\] and for cumulative CO~2~ emissions \[[@CR37]\]. For the linear regression against CO~2~, *R*^2^ values range between 0.75 and 0.92 for every month of the year over the period 1953--2017 \[[@CR37]\]. This suggests that the majority of the ice loss across all seasons can directly be explained by the anthropogenic release of CO~2~.

Other changes in external forcing have only had a limited impact on the sea-ice cover in the past few decades. For example, the observational record shows no substantial co-variation of Arctic sea ice with changes in solar activity \[[@CR26]\]. In particular, the slight weakening of solar activity since the early 2000s is inconsistent with the ongoing rapid loss of Arctic sea ice. Large observed volcanic eruptions such as El Chichon in 1982 and Mount Pinatubo in 1991 caused a small increase in simulated sea-ice coverage in the ensemble mean of large ensemble simulations, but their impact can not be identified in individual simulations \[[@CR29]\]. This is particularly relevant given that the impact of volcanic eruptions has been suggested to be overestimated in CMIP5 model simulations \[[@CR13]\]. Hence, natural changes in the external forcing have not played a major role for the observed evolution of the Arctic sea-ice cover.

Also anthropogenic aerosols have probably been of limited importance for the observed evolution of the Arctic sea-ice cover in recent decades. This is because their abundance has remained largely unchanged in the recent past, which is why it is unlikely that aerosols contributed much to the observed rapid loss of sea-ice evolution \[[@CR38]\].

Future Evolution of the Sea-Ice Cover {#Sec7}
-------------------------------------

The sensitivity of Arctic sea ice as described by the linear relationship between global-mean temperature and Arctic sea-ice coverage has been found to remain constant in model simulations across a wide spectrum of temperature trajectories \[[@CR31], [@CR32], [@CR39]\]. In particular, the linearity holds in all CMIP5 models until summer sea ice vanishes in individual simulations. Hence, the observed sensitivity can be extrapolated to directly estimate the response of the Arctic sea-ice cover to future warming.

Unfortunately, as shown by the values for the September sea-ice cover listed in Table [1](#Tab1){ref-type="table"}, uncertainty exists as to the true sensitivity of the sea-ice cover to a given amount of warming. The main sources of uncertainty are the choice of the underlying observational records of sea-ice coverage and global-mean temperature, and the method used to estimate the sensitivity from any given pair of observational records. Regarding the latter, \[[@CR13]\] divide the temporal trend of sea-ice coverage by the temporal trend of global-mean temperature to estimate sea-ice sensitivity, while all other estimates in Table [1](#Tab1){ref-type="table"} are based on an ordinary least-square regression of sea-ice coverage on global-mean temperature. This latter approach has been suggested to underestimate the true sensitivity of the sea-ice cover \[[@CR11]\], as it implies a primarily unidirectional relationship between the two variables. Therefore, the inverse of temperature regressed on sea-ice area gives a higher estimate than the direct regression of sea-ice area on temperature. However, one could also argue that the simple linear regression is justified by the primarily one-way causal relationship between global warming and sea-ice loss, suggesting that this estimate reflects the true sensitivity. Table 1Overview of published sensitivities of the September sea-ice cover to global warmingSensitivityIce-free atSea-ice dataTemperature dataTime periodRef\[10^6^ km^2^/K\]Based on sea-ice extent− 5.7^+^+ 0.6 ^∘^CNSIDC sea-ice indexGISTEMP1979--2013\[[@CR13]\]− 4.4+ 0.8 ^∘^CNSIDC sea-ice indexGISTEMP1979--2014\[[@CR40]\]Based on sea-ice area− 2.6+ 0.9 ^∘^CHadISST 1^∗^GISTEMP1979--2007\[[@CR12]\]− 4.1+ 0.6 ^∘^CSea-ice index & HadISST 1^∗^HadCRUT41953--2016\[[@CR36]\]− 3.3+ 0.7 ^∘^CHadISST 2.2GISTEMP1953--2016\[[@CR36]\]The first column is the estimated observed sea-ice loss per degree of global warming. The second column is the additional warming above present levels needed to obtain an Arctic sea-ice coverage of less than 1 million km^2^ (based on average September sea-ice extent of past ten years of 4.7 million km^2^ and average September sea-ice area of 3.3 million km^2^ \[[@CR1]\]). ^∗^Note that \[[@CR41]\] identified an inconsistency in the HadISST 1 sea-ice area, and recommended that it should only be used when merged with a consistent satellite record. ^+^This estimate is based on the gradient ratio of the temporal trend of global-mean warming and of the temporal trend of sea-ice coverage. All other estimates are based on ordinary regression of sea-ice coverage on global-mean temperature (see \[[@CR11]\] for details)

Despite these uncertainties, the different estimates result in a relatively narrow range of additional warming above present that is required to obtain a near-ice free Arctic Ocean during summer, defined as the total sea-ice coverage dropping below 1 million km^2^. Based on an average sea-ice extent during September of 4.7 million km^2^ and an average sea-ice area during September of 3.3 million km^2^ as given by the NSIDC sea-ice index for the past 10 years \[[@CR1]\], the additional warming needed to reduce the sea-ice coverage to less than 1 million km^2^ is found to be between + 0.6 and + 0.9 ^∘^C relative to the average global-mean temperature of the past ten years (Table [1](#Tab1){ref-type="table"}). As current warming levels are about + 1 ^∘^C above pre-industrial levels, the Arctic Ocean can be expected to have an average ice coverage of less than 1 million km^2^ during summer for less than 2 ^∘^C global warming.

Estimates from model simulations that either capture the observed sensitivity or have been bias-corrected, result in similar estimates \[[@CR36], [@CR39], [@CR42], [@CR43]\]. Because of the robust relationship between sea-ice coverage and global-mean temperature, the time scale for establishing a given warming is irrelevant. As soon as the global-mean temperature has risen by slightly below 2 ^∘^C, the Arctic Ocean is expected to be on average nearly ice-free during September.

The linearity can also be exploited to estimate the future seasonal cycle of the Arctic sea-ice cover directly from the observational record (Fig. [1](#Fig1){ref-type="fig"}). This is because the linearity holds for every month of the year \[[@CR36]\]. Fig. 1Estimated evolution of the Arctic sea-ice cover in response to mean global warming. The figure is based on the extrapolation of the linear relationship between monthly mean Arctic sea-ice area and global-mean temperature provided by \[[@CR36]\]. The ice-free range of their high-sensitivity observational record is shown as the water-filled area, while the ice-free range of their low-sensitivity observational record is shown as the dashed line. The estimated warming until 2018 is marked with "today"

With temperature being the main driver of the long-term sea-ice evolution of the Arctic, regardless of the drivers for that temperature increase, the future evolution of the sea-ice cover is most robustly described in reference to this variable. However, because the observed near linear relationship between global-mean temperature and cumulative anthropogenic CO~2~ emissions has been found to very likely remain unchanged for the foreseeable future \[[@CR27], [@CR44]--[@CR47]\], this relationship can be exploited to describe the future evolution of the sea-ice cover in response to cumulative future CO~2~ emissions \[[@CR14]\]. The observed sensitivity of the Arctic sea-ice cover to cumulative anthropogenic CO~2~ emissions suggests an on average ice-free Arctic Ocean throughout August and September for an additional maximum 800 Gt of anthropogenic CO~2~ emissions. This estimate is based on the observed sensitivity of about 3-m^2^ sea-ice-area loss per ton of CO~2~ emissions in these months \[[@CR37]\] and the average sea-ice area of the past 10 years. For an additional 1400 Gt of anthropogenic CO~2~ emissions, the Arctic Ocean will become largely sea-ice free from July to October \[[@CR37]\].

A possible modification of these estimates might be caused by the future evolution of anthropogenic aerosols, as they are expected to become less abundant over the next few decades. While in the past decades, rather constant levels of anthropogenic aerosols have minimized the impact of aerosols on the loss of Arctic sea ice \[[@CR38]\], in climate-model simulations the expected aerosol reduction causes additional ice loss relative to the one driven by anthropogenic CO~2~ emissions \[[@CR38], [@CR48]\]. This would imply that the estimates given here are too conservative.

A substantial number of studies that have examined the possible occurrence of an ice-free Arctic Ocean have not estimated the necessary warming, but instead describe the future evolution of the sea-ice cover primarily as a function of time \[[@CR17], [@CR27], [@CR49]--[@CR51]\]. However, time is not a control variable of the system. Instead, the link to time is established via the global-mean warming in a given year, which in turn is primarily a function of cumulative future emissions. Hence, any estimate of a given year during which the Arctic will lose its ice cover will always be as uncertain as the future evolution of anthropogenic CO~2~ emissions, which makes it impossible to estimate the future evolution of the Arctic sea-ice cover as a function of time alone.

The Impact of Internal Variability {#Sec8}
==================================

While the observed linear relationship between sea-ice coverage and global-mean temperature allows one to estimate the long-term average future evolution of the pan-Arctic ice cover, the evolution of the real ice cover will show substantial year-to-year variability because of internal variability. This year-to-year variability must be considered if one examines the possible upper and lower bounds of total sea-ice coverage for a specific amount of global warming. Our understanding of this internal variability of the sea-ice cover has substantially increased over the past few years, in particular because of the availability of large model ensembles which greatly ease the analysis of internal variability.

Past Evolution of the Sea-Ice Cover {#Sec9}
-----------------------------------

The observed evolution of the Arctic sea-ice cover is well described by the linear combination of an externally forced trend and superimposed internal variability \[[@CR26]\]. However, estimating the true impact of internal variability in particular on the rapid ice loss in recent years is challenging, as the external forcing is changing rapidly. Hence, it is difficult to estimate the true internal variability of the sea-ice cover directly from the observational record. The pre-satellite record of sea-ice coverage from 1953 to 1979 as summarized in the HadISST record is assumed to be rather reliable \[[@CR41]\] and does not show a strong trend. It provides a standard deviation of year-to-year changes in September sea-ice area from internal variability of *σ* = 0.36 million km^2^ \[[@CR26]\].

CMIP5 models display on average a similar variability. In their pre-industrial control simulations, the average standard deviation of September sea-ice area is *σ* = 0.43 ± 0.12 million km^2^ \[[@CR15]\]. Hence, based on a 2*σ* 95% confidence interval, the models and the observations suggest a maximum impact of internal variability on September sea-ice coverage of less than ± 1 million km^2^ for any given year for pre-industrial ice coverage. The internal variability depends on the sea-ice-covered area and reaches in model simulations a maximum at a sea-ice extent of around 3 million km^2^ \[[@CR25]\]. With a further decrease in sea-ice cover, internal variability decreases towards pre-industrial values and eventually drops to zero as ice-coverage drops to zero \[[@CR25]\]. As in the following, we are primarily interested in internal variability for low ice coverage, we take the pre-industrial value as a conservative estimate for the relevant internal variability of a future low ice state. This is in line with the finding that the long-term mean variability for the decreasing ice coverage of a high-emission scenario is across the CMIP5 models very similar to the pre-industrial long-term mean variability \[[@CR15]\].

Examining the observed and modeled trends, a number of studies have found that a range of internal variability of ± 1 million km^2^ is sufficient to explain much of the biases in modeled sea-ice trends over the past few decades \[[@CR5], [@CR15], [@CR20], [@CR29]\]. Given that most models underestimate the observed sea-ice loss, this finding suggests that the observed ice loss has recently been amplified by internal variability \[[@CR20], [@CR29]\]. This is in line with a more process-oriented study examining the link between atmospheric variability and the resulting evolution of the sea-ice cover \[[@CR28]\]. This might also explain why sea-ice loss has slowed down during summer since 2012, as the ice cover is "recovering" from an extreme-event ice loss to the long-term trend line provided by the external forcing. A possible explanation for this behavior relates to changes in ocean circulation arising from internal variability \[[@CR52]\].

Future Evolution of the Sea-Ice Cover {#Sec10}
-------------------------------------

Internal variability will remain superimposed on any externally forced trend. Hence, for a given year, the expected ice coverage can be calculated as the expected externally forced ice coverage based on the mean global air temperature plus/minus a specific ice coverage given by internal variability. Given the estimated 95% likelihood interval of at maximum ± 1 million km^2^ in sea coverage, we can use the observed sensitivity to translate the internal variability of sea-ice coverage to likelihood ranges for any given linear driver of sea-ice evolution. By dividing 1 million km^2^ through the observed sensitivities summarized in Table [1](#Tab1){ref-type="table"}, we find that the temperature at which the Arctic first becomes ice free will have a 95% uncertainty range from internal variability of ± 0.2 to 0.4 ^∘^C. These values are in line with results from large-ensemble model simulations \[[@CR36]\]. Combined with the temperature threshold of less than + 2 ^∘^C for a near ice-free ocean during summer, this then implies low, but above zero chances for a near-ice free Arctic ocean at + 1.5 ^∘^C global warming. Again, this is in line with existing recent studies \[[@CR36], [@CR39], [@CR42], [@CR43]\].

The observed relationship between Arctic sea-ice loss and cumulative CO~2~ emissions allows us to translate the observed internal variability of the sea-ice cover to an uncertainty range of cumulative CO~2~ emissions at which Arctic sea ice will be lost during summer. Dividing the 95% likelihood interval of Arctic sea-ice area of ± 1 million km^2^ by the observed sensitivity of − 3 million km^2^/(1000 Gt) directly gives an uncertainty range of ± 330 Gt of cumulative CO~2~ emissions for the estimate of the occurrence of an ice free Arctic Ocean during summer. Hence, the 95% uncertainty range for cumulative future emissions of CO~2~ leading to an ice free Arctic Ocean during summer becomes 500 to 1100 Gt based on the average value of 800 Gt established above. For a given emission per year, this uncertainty range can be translated to an uncertainty range of the year when the Arctic first becomes ice free. For today's emission of about 40 Gt CO~2~ per year, we get an uncertainty range of about 15 years, similar to the range of 20 years estimated in earlier studies based on model simulations \[[@CR5], [@CR51]\].

The Impact of Self-Amplification {#Sec11}
================================

In addition to changes in the external forcing and internal variability, also a possible self-amplification of the ice loss has been suggested to contribute to the substantial ice loss in recent years. This has often been framed in the context of nonlinear threshold behavior of the ice cover, also referred to as "tipping points." The main mechanism that has been suggested to possibly give rise to such "tipping" of the ice cover has been the ice-albedo feedback.

Past Evolution of the Sea-Ice Cover {#Sec12}
-----------------------------------

The observed evolution of the Arctic sea-ice cover is inconsistent with the possible existence of a tipping point arising from self-amplification of the ice cover. First, the evolution has remained linearly linked to the long-term rise in global-mean temperature as outlined above. Second, the 1-year lag autocorrelation of year-to-year changes in summer sea-ice coverage is negative (around − 0.5, see also \[[@CR26]\]), implying that after a summer with a particularly strong ice loss, the ice cover usually recovers somewhat in the following year. If indeed self-amplification played a significant role in the observed evolution of the ice cover, one would expect both an increasing failure of the linear relationship with rising temperature and an even more substantial ice loss after a year with a substantial ice loss.

Several stabilizing feedbacks during winter contribute to the lack of self-amplification even in light of the ice-albedo feedback \[[@CR53]\]: First, any ice-free parts of the Arctic Ocean more effectively lose their heat to the atmosphere than those parts that remained ice-covered during winter \[[@CR54]\]. Second, thin ice grows much faster than thick ice in response to the same external forcing, allowing for some recovery of total sea-ice volume after any record ice loss during summer \[[@CR55]\]. And third, the later the ice cover forms, the thinner will be its isolating snow cover during winter \[[@CR56]\].

Note that all these stabilizing feedbacks are only active during winter. Throughout summer of a given year, any small perturbation of the ice cover will be effectively amplified. For example, the observed progressively earlier melt onset translates directly to more absorption of solar heat, and thus to a more substantial ice loss during summer and a later onset of autumn freeze-up. This behavior has been found in the observational record \[[@CR57]\] and can be used to estimate the timing of freeze onset at the end of the summer \[[@CR58]\].

The observed lack of self-amplification of the ongoing ice loss is consistent with the behaviour of the Arctic sea-ice cover in large-scale climate models. In contrast, simplified models of the sea-ice cover often show instabilities \[[@CR59]\]. This behavior has been explained by the lack of meridional heat transport and a lack of a seasonal cycle in these simplified models \[[@CR60]\].

Future Evolution of the Sea-Ice Cover {#Sec13}
-------------------------------------

Also for the future, no substantial self amplification of the summer ice loss is expected. In particular, in all models that participated in CMIP5, the linear relationship between Arctic sea-ice cover and global-mean temperature holds until all sea ice is lost. This behavior already takes into account that in many regions, the ice-free duration during summer is becoming longer and longer, and that the ice cover as a whole is getting thinner. These factors are apparently not sufficient to overcome the stabilizing feedbacks and do not cause an acceleration of the summer sea-ice loss.

In contrast, the pace of winter sea-ice loss accelerates once the total area covered in summer approaches nearly ice-free conditions, both in idealized studies \[[@CR61]\] and in many CMIP5 models \[[@CR62], [@CR63]\]. This behavior has recently been explained by geometric reasons, since the winter sea-ice covering the Arctic Ocean after the loss of summer sea ice will have a rather small homogeneous thickness and can thus be removed quickly \[[@CR63], [@CR64]\].

Open Questions {#Sec14}
==============

As summarized in the past sections, over the last few years, we have gained substantial understanding of the past and future evolution of the ice cover. The most robust of these insights have been derived from a combination of model simulations and observational records, primarily records of sea-ice concentration. Based on this recent progress, we believe that we have a good first-order understanding of the trajectory of the future Arctic Ocean towards a possibly seasonal ice cover. However, many of the details of this trajectory remain poorly understood. We see the following four issues as the most important open questions regarding our understanding of the past and future trajectory of the Arctic sea-ice cover.

First, we lack understanding of the different pathways by which the ocean and the atmosphere translate changes in the external forcing and their own internal variability into changes of the ice cover. For example, the pathways by which heat is transported to the central Arctic Ocean are not clear. A recent study found that in 11 CMIP5 models, the heat required to melt the ice cover enters the Arctic via the atmosphere. In 11 other CMIP5 models, it enters the Arctic via the ocean, and in four CMIP5 models, both oceanic and atmospheric pathways supply net heat to the Arctic \[[@CR65]\]. This uncertainty is also reflected by the split between either atmospheric \[[@CR28], [@CR66], [@CR67]\] or oceanic \[[@CR52], [@CR68], [@CR69]\] processes that have been suggested to be the main contributor to the observed evolution of the Arctic ice cover.

Second, we lack understanding of the regional evolution of the ice cover. For example, a regional analysis of trends in Arctic sea-ice coverage over recent decades has established substantial differences in response to the large-scale global warming \[[@CR37], [@CR70]\]. To understand these regional differences, we need to understand how the large-scale changes in the forcing are regionally translated into changes in the dynamics and thermodynamics of the ice cover. So far, only few studies address this topic. For example, variability of sea ice in the Barents Sea has been linked to large-scale changes in atmospheric flow regimes as captured by the North-Atlantic-Oscillation (NAO, \[[@CR71], [@CR72]\]), raising the possibility of a slow down of regional sea-ice loss in this region with a shift in the NAO index.

Third, we lack understanding of many of the implications of the ongoing ice loss. For example, a number of studies have suggested that the large-scale sea-ice loss might affect atmospheric circulation patterns and mid-latitude weather systems (see, for example, reviews \[[@CR73]--[@CR76]\]). In observational records, such link is probably hidden among substantial internal variability \[[@CR76]\]. In modeling studies, the importance of a possible link depends critically on the experimental design \[[@CR77]\], raising questions on the robustness of inferred linkages in existing studies.

Fourth, we lack a good understanding of the past and future evolution of sea-ice volume. This is related to the lack of a sufficiently long and sufficiently reliable observational record of sea-ice volume, to uncertainties in reanalyzed sea-ice volume \[[@CR78]\], and to a failure of many CMIP5 models to reproduce the observed distribution and time evolution of sea-ice thickness \[[@CR16], [@CR17]\].

Conclusion {#Sec15}
==========

In this review, we have demonstrated the consistency of existing observation-based studies with existing modeling-based studies regarding the future evolution of sea ice. In particular, we have demonstrated how we can use observational records to reproduce many recent quantitative estimates from primarily model-based studies. The quantitative link between models and observations is established as the agreement with the observed sensitivity has become a litmus test for any model-based estimate of the future evolution of the Arctic sea-ice cover. Where the observed sensitivity is not reproduced by a model, bias correction is applied to obtain reliable model-based estimates of the future evolution of the sea-ice cover. This also implies that often, the best estimate of the future evolution of the Arctic sea-ice cover is obtained by establishing robust relationships in models and observations, and to then extrapolate the quantitative manifestation of such robust relationships from the observational record into the future. The major uncertainty then derives from the quantification of the true sensitivity of the ice cover to changes in the external forcing.

Based on this approach, we identify the following statements to be very likely true for the future evolution of the Arctic sea-ice cover: The Arctic sea-ice cover has been and will remain linearly related to global-mean air temperature in all months. Global-mean air temperature can hence be interpreted as the most important control variable on future Arctic sea-ice evolution.The observed linear relationship between Arctic sea-ice coverage and global-mean air temperature suggests Arctic sea-ice coverage to drop below 1 million km^2^ in more than 50% of all years for a global warming of less than 2 ^∘^C compared to pre-industrial levels.The observed linear relationship between Arctic sea-ice coverage and cumulative anthropogenic emissions of CO~2~ suggests Arctic sea-ice coverage to below 1 million km^2^ for more than 50% of all years for total future anthropogenic CO~2~ emissions of less than 800 Gt.From internal variability, September sea-ice coverage can vary by a maximum of ± 1 million km^2^ for a given global-mean air temperature.This year-to-year fluctuation can directly be translated into an uncertainty of ± 0.2 to 0.4 ^∘^C for the global warming at which the Arctic Ocean loses its summer sea ice for the first time. For CO~2~ emissions, the uncertainty is about ± 300 Gt CO~2~ emissions. Hence, the Arctic Ocean can be expected to be nearly ice-free in 5% of all years for 500-Gt future CO~2~ emissions and in 95% of all years for 1100-Gt future CO~2~ emissions.As the observed linear relationship between Arctic sea-ice coverage and global-mean temperature currently hold for all months, they allow us to estimate the future seasonal cycle directly from the observational record. This is also true for the observed linear relationship between Arctic sea-ice coverage and cumulative CO~2~ emissions.

Based on current emission rates of about 40-Gt CO~2~ per year, these findings imply a substantial likelihood of an ice-free Arctic Ocean during summer before mid-century. The time window to prevent the loss of the Arctic summer sea-ice cover hence closes very rapidly.
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